We report on the study of terahertz radiation-induced MIRO-like oscillations of magnetoresistivity in GaAs heterostructures. Our experiments provide an answer on two most intriguing questions-effect of radiation helicity and the role of the edges-yielding crucial information for an understanding of the MIRO (microwave-induced resistance oscillations) origin. Moreover, we demonstrate that the range of materials exhibiting radiation-induced magneto-oscillations can be largely extended by using high-frequency radiation. DOI: 10.1103/PhysRevB.94.081301 One of the most interesting phenomena recently observed in two-dimensional electron systems (2DES) is microwave (MW) -induced resistance oscillations (MIRO) and associated zero resistance states (ZRS) [1] [2] [3] [4] [5] [6] [7] , reviewed, e.g., in [8] . Like Shubnikov-de Haas oscillations (SdH), MIRO are periodic on a 1/B scale, but occur at lower magnetic fields and show much weaker temperature dependence. Phenomenologically, they are very similar to Weiss oscillations [9] , which reflect the commensurability between the cyclotron orbit radius and the period of a periodic potential. MIRO by contrast, reflect the commensurability between the MW photon energy 2π f and the cyclotron energy ω c . In extremely clean samples the minima of the MIRO develop into ZRS [3] [4] [5] , which are explained [10] in terms of an instability of the system and formation of current domains, occurring when the conductivity becomes negative under MW irradiation (see also [8, 11, 12] ).
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In spite of numerous experiments and significant advances in their theoretical understanding, there is still no commonly accepted microscopic description of the effect [13, 14] and the ongoing MIRO investigations remain challenging [15] [16] [17] [18] [19] [20] [21] . Consequently, new materials have been studied [22] [23] [24] [25] and new theoretical models have been put forward [26] [27] [28] [29] [30] . To the most pressing issues which need to be clarified experimentally and which might help to differentiate between the different models belong the MIRO polarization dependence [7, 8, 31] and the "bulk" or "edge" nature of the effect.
So far the majority of experimental work has been done in the MW regime and there are only a few reports on MIRO excited at terahertz (THz) frequencies [32] [33] [34] . Here we report on the observation of pronounced MIRO-like oscillations induced by THz radiation. We exploit the specific advantages of THz laser radiation not present in the MW regime, i.e., the possibility to focus it onto a spot smaller than the sample's size and easy control of the radiation's polarization. The most important features clearly detected on a large variety of samples are (i) a very weak dependence of the oscillations' amplitude on the photon helicity and (ii) the bulk nature of the effect. Furthermore, our study shows that the MIRO oscillations can be excited at THz frequencies even in the samples with low mobility, whereas in the MW range ultrahigh mobility samples are crucially needed for this type of experiments.
We study the radiation-induced oscillations in AlGaAs/GaAs quantum wells of 10 or 12.5 nm thickness. While THz MIRO oscillations have been observed in Hall bar samples [33] , in this work we used Corbino disk samples, which measure directly σ xx . The inner, r i , and the outer, r o , radius of the gold-germanium contacts and samples' transport parameters are given in Table I (see also the Supplemental Material [35] ). The effect of THz radiation on conductivity σ xx was studied in the temperature range from T = 2.5 K to about 20 K. The MIRO effect is most pronounced after the cooled samples have been exposed to room light, but the effect is also present for samples kept in the dark. All data presented in figures and tables were obtained after sample illumination.
The THz experiments were performed using continuous wave (cw) CH 2 O 2 and CH 2 F 2 lasers [36] [37] [38] operating at frequencies f = 0.69 and 1.63 THz, respectively. The radiation at normal incidence is focused onto a spot size of about 3.4 mm diameter. The beam has an almost Gaussian profile, measured by a pyroelectric camera [39, 40] . Right-and left-handed circularly polarized radiation is obtained by a λ/4 quartz plate [41] [42] [43] . The inset in Fig. 1(b) sketches the setup. Applying a bias voltage, U dc = 50 mV, and measuring the photovoltage U on the load resistor R L = 50 we obtained the photoconductivity σ xx ∝ U .
Irradiating the samples with THz radiation and sweeping the magnetic field B results in conductivity oscillations σ xx . Figure 1 shows the photoconductivity (PC) for sample A and f = 0.69 THz. The oscillations reflect two 1/B periodicities: one at low B corresponding to the MIRO oscillations and the other, at higher fields |B| ∼ 1 T, corresponding to SdH oscillations. While the former oscillations are detected up to temperatures of about 20 K, the latter are observed at substantially lower temperatures only. The oscillations are observed for structures with mobilities between μ = 1.8 × 10 6 and 1.5 × 10 5 cm 2 /V s and with electron densities from n e = 4 to 24 × 10 11 cm −2 . Figure 2 shows σ xx normalized to the show nearly no helicity dependence. By contrast, transmission, displayed in the inset in Fig. 1(a) , strongly depends on helicity. CR for positive B occurs only for right-handed circular polarization and vice versa. Indeed, in agreement with the theory of CR [46] , the transmitted power drops nearly to zero for the cyclotron resonance active configuration (CRA), whereas the signal for the opposite helicity, i.e., for the inactive configuration (CRI), is almost B independent. Active and inactive helicity interchange for negative magnetic fields (not shown). Note that the detected polarization behavior and the shape of transmittance minimum are well fitted by taking multiple reflections in the substrate and superradiant decay into account [47] [48] [49] [50] (see solid lines in the inset of Fig. 1(a) and the Supplemental Material [35] ). To demonstrate that the weak polarization dependence of the MIRO oscillations is not caused by saturation effects we measured σ xx at different power levels. These data show [35] that the signal scales linearly with power and reducing the power by ten times does not change the ratio between CRA and CRI signals. The overall same results are obtained for f = 1.63 THz [35] . The only differences are the signal magnitude and rescaled B-field positions of CR and oscillations.
The results shown in Figs. 1 and 2 are obtained for Corbino disks with an outer diameter 3 mm, thus being of the order of the laser spot size. To exclude possible effects stemming from irradiation of the contacts' edges we carried out measurements on disks with 8.5 mm diameter, i.e., significantly larger than the spot size. These samples are indicated by a subscript L in the sample index. Figures 3(a) contacts. We measured the photoconductivity under irradiation of the sample through a hole in a metal mask covering the contacts. The mask was mounted at a distance ≈1 mm from the sample surface [see inset in Fig. 3(a) ]. Furthermore, we removed a part of the metal screen and scanned the beam across the edge [see inset in Fig. 3(c) ]. Figure 3(c) shows that the signal decreases as the laser beam approaches the edge, demonstrating that the oscillation amplitude just follows the decrease in absorbed radiation power. Hence, the data directly show that oscillations are dominated by bulk effects in 2DES and, at least in the THz range, do not come from the edge phenomena such as ponderomotive forces excited by contacts/edge illumination [29] or radiationinduced modification of the edge transport [30] . Importantly, the polarization dependence of the oscillations remains weak for any position of the laser spot including both geometries, where the contacts are avoided and where the beam is focused on the edge. This is illustrated in Fig. 4 , where the ratios of the oscillation amplitude for CRA and CRI configurations are shown as a function of ω/ω c . In all cases and especially for low oscillation indices the experimental CRA/CRI ratio is always much smaller than the calculated one, shown for different radiative decay (discussed below) in Fig. 4 . The finding that the THz-induced oscillations depend only weakly on helicity is in line with the results of Smet et al., who examined MIROs at MW frequencies [7] . Now we discuss the results within the inelastic [6, 51, 52 ] and the displacement [53] [54] [55] [56] [57] mechanisms, which ascribe the magneto-oscillations of the PC to radiation-assisted scattering between disorder-broadened Landau levels. This theory is a nonequilibrium extension of linear transport theory in high Landau levels [58] , and accounts for both real-space displacements of electron orbits in individual photon-assisted scattering events (displacement contribution) and associated nonequilibrium occupation of electronic states within the disorder-broadened Landau levels (inelastic contribution). Within this theory the conductivity oscillations are given by [59] 
where the exponential damping with α = 2π/ωτ q corresponds to the dirty limit ω c τ q 1 of strongly overlapping Landau levels. Importantly, the factor A becomes B independent for = ω/ω c 1. Fitting the low-B data in Fig. 2 (a) using Eq. (1) with constant A ∞ = A | →∞ reveals that the experimental oscillation amplitude, A expt. ∞ = 0.056, agrees well with the theoretical predictions for the inelastic mechanism [52] , A theor ∞ ∼ 0.04 (see [44] and the Supplemental Material [35] ). This shows, in particular, that σ xx follows the n 3 e /ω 4 dependence predicted for a dominant inelastic mechanism. In accordance with Eq. (1), the number of resolved oscillations for all samples in Fig. 2 is roughly equal to ωτ q /2. Here τ q are taken from the analysis of SdH oscillations (see Table I ). This highlights the important role of τ q in the appearance of oscillations and explains why at THz frequencies they can be observed in samples with relatively low mobility.
While the inelastic mechanism of MIRO describes the experimental findings for large ω/ω c quite well, it cannot explain the weak polarization dependence measured for ω/ω c 5. In theory, the polarization dependence of σ xx follows the absorbance K = σ
xx (ω) is the dissipative part of the linear dynamic conductivity, E ± is the amplitude of the screened radiation electric field, and + (−) labels the CRI (CRA) configuration [60, 61] . Although the magneto-oscillations in σ xx are of quantum origin, their polarization dependence stems from Drude theory [62, 63] and reflects the classical dynamics of 2DES in crossed magnetic field B and electric field of the THz wave, yielding [46] 
In order to relate E ± , acting on the electrons in 2DES, to the electric field E
± of the incoming wave, one needs to take into account both the dynamical screening by the 2DES and multiple reflections within the dielectric substrate (FabryPerot interference). The former is dominated by the Hall part σ (±) xy (ω) of the dynamic conductivity and is described by the superradiant decay rate = e 2 n e /2ω 0 mc γ [47] [48] [49] [50] . The effect of the dynamical screening is most simply expressed in the case of constructive Fabry-Perot interference [64] : the absorbance still has the form of Eq. (2) where E ± get replaced by E (0)
± and γ by ( + γ ). Then, since γ , the ratio of the CRA and CRI absorption coefficient and oscillation amplitude is given by
Note that the value of is fully determined by n e and m known precisely from independent measurements. Taking multiple reflections into account (see Supplemental Material [35] ), the transmission data for CRA and CRI polarization can be perfectly fitted using the above expression for [see inset in Fig. 1(a) ]. In Fig. 4 we present the ratio (3) calculated for different samples. The smallest A CRA /A CRI value is obtained for the largest , in our case = 0.36 for sample D with the largest carrier density n e = 2.4 × 10 12 cm −2 (see dashed line in Fig. 4) . Clearly, for low harmonics ω/ω c 5, the theoretical predictions for A CRA /A CRI strongly deviate from the experimental data in Fig. 4 . Unreasonably high values of 1.5 would be needed to match experiment. For higher harmonics, however, i.e., for ω/ω c 5, A CRA /A CRI → 1 both in theory and experiment. As detailed in the Supplemental Material [35] , the data in this low-B region are in good quantitative agreement with theory.
To summarize, our experiments provide clear evidence that MIRO oscillations in the THz regime are excited in the "bulk" of 2DES and not at contacts/sample boundaries. In the THz range they are also observed at much lower mobilities of the 2DES as compared to the MW regime suggesting that they appear at ω τ −1 q . Although at high harmonics of the cyclotron resonance the observed MIRO oscillations are well described by the inelastic mechanism [52] , their polarization dependence at low harmonics is at odds with any existing theoretical description of MIRO.
